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Introduction 36
Pollution assessment cannot be solely based on chemical analysis of environmental samples 37 since it does not inform us about deleterious effects of contaminants to biota (Livingstone, 38 1993 ; Sarkar et al., 2006) . Molecular biomarkers are considered as the most sensitive and 39 earliest responses to pollutants (Rodríguez-Ortega et al., 2009), whereas metallothioneins 40 (MTs) are recognized among a suite of core biomarkers, because their induction presents 41 biochemical response to increased bioavailability of metals in the environment (Amiard et al., Dragun, Zrinka; Podrug, Marijana; Raspor, Biserka. The assessment of natural causes of metallothionein variability in the gills of European chub (Squalius cephalus L.). // Comparative Biochemistry and Physiology Part C -Toxicology and Pharmacology. 150 (2009) , 2; 209-217 6 consisting of 100 mM Tris-HCl/Base (pH 8.1 at 4C) and the reducing agent 1 mM 138 dithiotreitol (both by Sigma). The diluted tissue samples were then homogenized by Elvehjem homogenizer (Glas-Col, USA) in ice cooled tube at 6,000 rpm. The homogenates 140 were centrifuged in the Sorval RC28S centrifuge (Kendro, USA) at 50 000g for 2 h at 4°C. 141
Next, the supernatant (S50), which represents water soluble cytosolic tissue fraction, was 142 separated from the pellet and stored at -80C for subsequent metal and protein analyses. 143 144
Determination of MT levels 145
For MT determination, the cytosolic fraction (S50) was purified by heat-treatment. Heat-146 treatment efficiently denatures high molecular mass proteins in S50 supernatant which would 147 otherwise interfere with the electrochemical MT determination (Erk et al., 2002) . The 148 cytosolic fraction was first 10 times diluted with 0.9% NaCl (Suprapur, Merck), then heat-149 treated for 10 min at 85°C in The Dri Block (Techne), and subsequently placed on ice for 30 150 min. The heat-treated cytosol was then centrifuged at 10 000g for 15 min at 4°C in Biofuge 151
Fresco centrifuge (Kendro, USA). The supernatant obtained after the centrifugation (HT S50) 152 was separated from the pellet and stored at -80°C until further analysis. 153 154 MT concentrations were measured in the HT S50 by differential pulse voltammetry (DPV) 155 following the modified Brdička procedure (Raspor et al., 2001 ) and using 797 VA 156
Computrace (Metrohm, Switzerland) with a three-electrode system (hanging mercury drop Dragun, Zrinka; Podrug, Marijana; Raspor, Biserka. The assessment of natural causes of metallothionein variability in the gills of European chub (Squalius cephalus L.). // Comparative Biochemistry and Physiology Part C -Toxicology and Pharmacology. 150 (2009) , 2; 209-217 7 Determination of TP concentrations in gill cytosol 171 TP concentrations were measured in the gill cytosol (S50) according to Lowry et al. (1951) . 172
The Bio-Rad DC Protein Assay was applied according to manufacturer's instructions. The 173 measurements were performed on the photometer Microplate Reader HT3 (Anthos, Austria) 174 at 750 nm wavelength. Calibration curve was constructed with five different concentrations 175 (0.2-2.0 mg mL -1 ) of bovine serum albumin (Serva, Germany) dissolved in the 176 homogenization buffer. 177 178
Determination of cytosolic metal concentrations 179
The concentrations of three metals known as the inducers of MT synthesis (Zn, Cu, and Cd) 180
were measured in a duplicate in the five times diluted S50 fraction of the chub gills by Varian 181
SpectrAA 220 atomic absorption spectrometer. Flame technique (air/acetylene) was applied 182 for the measurement of Zn (at 213.9 nm), whereas graphite furnace with universal platforms 183 (Varian GTA-100) was used for the measurement of Cu (at 324.8 nm) and Cd (at 228.8 nm). 184
A deuterium lamp was used for the background correction. External calibration was 185 performed for each metal. The calibration standards were prepared using the metal stock 186 solutions (Zn, Cu, Cd, 1000 mg L -1 by Merck) and five times diluted homogenization buffer, 187 which was also used as the blank sample. The validation of Cu determination by ETAAS has 188 proven that reliable Cu measurements can be made even in complex organic matrix of 189 undigested chub tissue cytosol (Dragun and Raspor 2008) . The detection limits for measured 190 metals were the following: Zn 0.007 mg L -1 ; Cu 0.270 g L -1 ; and Cd 0.023 g L -1 . Since the 191 reference material with a matrix corresponding to the cytosolic fraction was not commercially 192 available, the quality control of the metal determination was regularly performed using the 193 water control samples, such as WP-036 by US EPA and SW-HM-47 by Vituki (Hungary The analysis of differences in gill MTs between females and males, as well as between two 238 age groups, is presented in Table therefore on the verge of sexual maturity and the lack of sex differences, as indicated in Table  251 1, is not surprising. heteroclitus) during the reproductive period. In the liver of the same chub specimens as used 256 in this study females had somewhat higher average hepatic MT level in the reproductive 257 period (2.01 mg g -1 ) than males (1.82 mg g -1 ; Podrug and Raspor, 2009 ). The sex differences 258 were probably more evident in the liver than gill tissue, because liver has more important role 259 in the reproduction compared to gills, for example in the process of vitellogenesis (Werner et 260 al. 2003) . 261 262 Statistically significant difference (p<0.05) in gill MT level between 2-and 3-year old chub 263 was obtained only in the spring period; approximately 10% higher MT levels were obtained in 264 the gills of younger fish (Table 1) . Younger and smaller fish are known to have faster 265 filtration and metabolic rates, and consequently higher concentrations of proteins (e.g. 266 metallothioneins) in fish tissues can be expected as the result of homeostatic regulation 267 (Wiener and Giesy, 1979) , especially in the period of more intense metabolic activity, such is 268 presumably spring reproductive period. In spite of the attempts made in the monitoring programmes to catch the fish of comparable 272 size at different sites, it is usually hard to achieve. In this study 2-and 3-year old fish also 273 varied in size at different sites in all three sampling campaigns (total length: 18.52.8 cm, 274 18.72.4 cm, and 20.03.5 cm, respectively; total mass: 65.632.5 g, 73.630.8 g, and 275 83.845.6 g, respectively). It could affect the assessment of metal exposure based on MT as a 276 biomarker, providing there was an association between size and MT level. We have, 277 therefore, examined this association by use of Spearman correlation coefficients (Table 2) . 278
The gill mass was used as the indicator of the fish size, due to the high positive and 279 statistically significant correlations (r= 0.919-0.995; p<0.0001; n=39-73) obtained between 280 three biometric parameters associated to the chub size (length, total mass and gill mass), 281 among which the gill mass showed the highest variability (Dragun et al. 2007 ). In both 282 September sampling campaigns (Table 2) , we have obtained positive, statistically significant 283 correlations between MTs and the gill masses on the level of all data gathered within each 284 season. The correlations calculated separately for each sampling site were not always 285 significant, probably because at some sites the range of gill masses was rather constrained, 286 while in all three sampling campaigns the gill masses were evenly distributed from 287 approximately 0.2-1.5 g when the whole data sets were considered (Table 2 ). Contrary to 288 September campaigns, April/May sampling resulted with the statistically significant negative 289 correlation between MT level and the gill mass, which is consistent with the observation 290 previously made for TPs: positive association with the gill mass obtained in both September 291 campaigns and negative in April/May 2006 (Dragun et al., 2007) . It was hypothesized that, 292 because of the increased metabolic activity, the important factor governing the protein 293 synthesis in the spring time is the metabolic rate. The metabolic rate is negatively correlated 294 with the fish size (Neely, 1979), which could cause the negative association of TP 295 concentrations with the gill mass in the spring, in contrast to positive association observed in 296 the autumn period (Dragun et al., 2007) . The same explanation is plausible for MTs, as a 297 protein fraction. However, although the statistical analysis indicated significant correlation 298 between MTs and the gill mass (Table 2) , it should be highlighted that only small portion of 299 Although significant association was established between MTs and the gills mass (Table 2) , 310 analysis of differences in gill masses between seasons indicated the comparable chub size in 311 all three sampling campaigns (Table 3) protein concentrations in gills was explained as a consequence of increased metabolic and 317 feeding activity (Dragun et al., 2007) . In the liver of the same chub specimens as used in this 318 study significantly higher average MT levels (1.93 mg g -1 ) were also obtained in the spring 319 2006 compared to average MT level for both autumn seasons (1.63 mg g -1 ), but the difference 320 was not as high as in the gills, and amounted to approximately 20% (Podrug and Raspor, 321 2009 ). The seasonal variability in liver MT was attributed to different phases of reproductive 322 cycle, with higher levels obtained in the pre-spawning/spawning period due to the process of 323 vitellogenesis ). The reproductive cycle should therefore be 324 considered as a possible additional cause of MT increase even in the chub gills. However, MT 325 level is known to increase 2-3 times in fish liver during the reproductive phase (in red mullet campaigns ( Table 3) further confirmed that 2-3 year old chub were mainly not mature. 330
Literature based GSI for mature chub during the reproductive phase is above 3% for females 331 and above 1.5% for males (Şaşi, 2004) . Only 8 specimens in our study complied with that 332 requirement. Comparison of spring gill MTs of mature and non-mature chub (GSI<1.5% 333 (n=62): MT = 2.570.42 mg g -1 ; GSI>1.5% (n=8): MT = 2.440.22 mg g -1 ) indicated that in 334 the young chub gill MT levels were higher in the spring than autumn period regardless of fish 335 sexual maturity. Therefore, the pronounced spring MT increase in the gills of 2-and 3-year , 1995) . Enhanced feeding in the spring period, which was 340 confirmed by significantly higher Fulton condition indices compared to both autumn seasons 341 (Table 3 and gills were also significantly higher in the spring than autumn periods (50-70%, Table 4 and 347 Dragun et al., 2007) , while differences in cytosolic Zn concentrations in chub liver between 348 spring and autumn were much lower (<10%) and not significant . 349
Based on the fact that gills appear to be a major site of uptake of dissolved metals in aquatic The association between MTs and TPs was analyzed for each sampling campaign by 371 Spearman correlation coefficients, using the complete data sets. As expected, in all three 372 campaigns the correlation between TPs and MTs was positive and statistically significant 373 (Table 5 ). However, it is important to recall that both parameters share a common influencing 374 factor, the gill mass; the correlations of MTs and TPs with the gill mass were positive in 375 September campaigns and negative in April/May campaign (Tables 2 and 5 TPs. Furthermore, MT correlation with the gill mass was (Table 2) always stronger than MT 378 correlation with TPs (Table 5) . Cu is more often reported in different fish tissues, because of MT involvement in their 384 regulation (Nordberg, 1998). Accordingly, based on the complete data sets, the correlations 385 between MTs and nonessential metal Cd were very low, explaining only up to 6% of MT 386 variance ( Table 5 ). The correlations between MTs and essential metals, positive with Zn and 387 negative with Cu, were somewhat higher, but statistically significant only in September 388 campaigns (Table 5 ). However, same as in the case of TPs, it could be presumed that these 389 correlations were partially influenced by a common factor, i.e. the gill mass; positive 390 correlation of gill mass with MTs and Zn, and negative with Cu (Tables 2 and 5; Dragun et  391 al., 2007), could strenghten the association between MTs and these essential metals. 392 393
Site-specific MT variability 394
The differences in MT levels between sampling sites were less pronounced than, for example, 395 the differences within sites or between sampling campaigns (Table 1 ). According to one-way 396 ANOVA, differences between sites were statistically significant in September, 2005 (Fig. 2a)  397 and April/May, 2006 (Fig. 2b) . In September 2005, maximal median MT level measured at 398
Oborovo was approximately 40% higher than minimal level measured at Jasenovac; in 399 April/May 2006, the difference between maximal and minimal median MT level was only 400 26%, and it dropped to 18% in September 2006, when even ANOVA did not indicate 401 significant differences between sites (Fig. 2c ). Using the Spearman correlation coefficients 402 between the median values obtained at each site for MTs and for several analyzed parameters percentiles; a line within the box marks the median value; whiskers below and above the box 692 indicate 10 th and 90 th percentiles; the outliers are presented with black dots; the differences 693 between sites were evaluated using one-way ANOVA on transformed data (log10), and the 694 level of significance (p) is given in the figure; post hoc comparisons were made by Bonferroni Table 1 . The analysis of the differences in MT levels (mg g -1 ) between three sampling campaigns (two-way ANOVA with period and site as independent factors) and analysis of sex-age differences (two-way ANOVA with sex and age as independent factors). Table 3 . The analysis of differences in chub gill masses (GM), gonadosomatic indices (GSI) and Fulton condition indices (FCI) between three sampling campaigns (one-way ANOVA on transformed data: square root for GM, inverse of square root for GSI, and log10 for FCI; Welch's variance-weighted ANOVA was used for FCI comparison, due to unequal variances). The pairwise post-hoc comparisons were made by Bonferroni t-test.
All specimens

Gill mass / g p>0.05
Gonadosomatic index / % p>0.05 
